Abstract. The aim of this study is to analyse the influence of both the microstructure and defects on the high cycle fatigue behaviour of the 316L austenitic stainless steel, using finite element simulations of polycrystalline aggregates. High cycle fatigue tests have been conducted on this steel under uniaxial (push-pull) and multiaxial (combined in-phase tension and torsion) loading conditions, with both smooth specimens and specimens containing artificial semi-spherical surface defects. 2D numerical models, using a cubic elastic constitutive model, are created to determine the degree of heterogeneity of the local stress parameters as a function of the defect size. This has been done for one microstructure using several orientation sets generated from the initial texture of the material. The grains are explicitly modelled and the anisotropic behaviour of each FCC crystal is described by the generalized Hooke's law with a cubic elasticity tensor. From the simulations carried out with different defect sizes and orientation sets that are representative of the real texture of the tested material, statistical information regarding mesoscopic mechanical fields provides useful insight into the microstructural dependence of the driving forces for fatigue crack nucleation at the mesoscopic scale (or the scale of individual grains). The results in terms of the stress fields and fatigue crack initiation conditions are determined at both the mesoscopic and macroscopic scales. The results from these FE models are used along with an original probabilistic mesomechanics approach to quantify the defect size effect. The resulting predictions, which are sensitive to the microstructure, include the probability distribution of the high cycle fatigue strength.
Introduction
In ductile alloys like austenitic stainless steels, fatigue crack initiation is most of the time caused by localized deformation in slip bands. As the local stress and strain fields in a grain is strongly dependent on its orientation, the distribution of the plastic glide in a polycrystalline aggregate composed of many crystals is non-homogeneously distributed. This heterogeneous distribution of the plastic glide is much more pronounced in High Cycle Fatigue (HCF) than in Low Cycle Fatigue (LCF). The classical macroscopic HCF models [1, 2] where the critical variables are function of the macroscopic stress, though sometimes powerful design tools, fail to reflect this basic feature of the HCF damage.
The previous analysis holds true for smooth specimen with no stress or strain concentrations. When a notch is introduced, although the bulk of the component may undergo macroscopic elastic deformation, the highly stressed region in the vicinity of the notch root may experience significant plastic deformation. However, in many HCF situations, even if the favorably oriented grains at the notch root undergo cyclic plasticity, the peak notch root equivalent stress is below the macroscopic yield strength, once an elastic shakedown state has been reached. Even the most promising macroscopic multiaxial models incorporating the beneficial effect of the stress gradient to explain crack initiation at notch root [2] lack explicit consideration of intrinsic length scales of grains. This is particularly true for the smallest notch root of the order of the grain size. This paper focuses on a microstructure-sensitive method that involves explicit modeling of elastic behavior of individual grains in polycrystalline metals and alloys under HCF conditions, with emphasis on notch sensitivity under multiaxial loading conditions. 2D numerical models, using a cubic elastic constitutive model, are created to determine the degree of heterogeneity of the local stress parameters as a function of the defect size. The results from these FE models are used along with an original probabilistic mesomechanics approach to quantify the defect size effect.
Experimental multiaxial fatigue tests: effect of artificial defects
Characterization of 316L stainless steel. The austenitic stainless steel used for this study is an AISI 316L M25W steel produced by consumable electrode remelting. It is often used for the manufacturing of orthopaedic implants, hip prosthesis, endomedulary nails, spine systems, rods and screws. Its chemical composition is given in table 1 and the mechanical properties are gathered in Table 2 . Observations by Scanning Electron Microscopy (SEM) and by Electronic Back Scatterring Diffraction (EBSD) techniques showed that the average grain size is 14 µm (considering the twin boundaries) and a lot of grains showed annealing twins. Let us notice that the austenite phase being rather stable (high Ni content), no delta ferrite was observed. The steel was provided as bars of 40 mm in diameter and 1,2 m in length, from which all the fatigue specimens were machined. Fig. 1 illustrates the sketch of the fatigue specimen used in the present investigation. After machining, the specimens were carefully mechanically polished to get a "mirror-like" finish. To get an estimation of the fatigue limits under several loading conditions, it was decided to use a step method (instead of a more time consuming staircase method for instance). This method consists in loading a specimen at an initial stress level up to 2.10 6 cycles and in cycling again the same specimen at a higher stress amplitude if the failure is not reached during the first step. For each loading condition and each defect size, three specimens are used to determine two stress amplitudes: Σ ij,a,NF and Σ ij,a,F corresponding respectively to the maximum stress amplitude tested for which no macroscopic fatigue crack were observed and to the minimum stress amplitude tested for which no specimen has withstood 2.10 6 cycles without the initiation of a macroscopic fatigue crack. The average fatigue limit was then calculated as the average of Σ ij,a,NF and Σ ij,a,F . Artificial defect and multiaxial effect. In order to study the impact of notch and biaxiality on the fatigue strength, some hemispherical defects ( Fig. 1) , ranging from 100 to 500 µm in size, are introduced at the surface of hollow specimens by means of Electric Discharge Machining (EDM). This technique was found to get reproducible defects of different size. Fig. 2 depicts Σ a versus the defect size D (defect diameter) for all the loading scenarii and defect sizes. This graph, gathering all the experimental results, clearly shows the detrimental influence of the biaxial ratio Σ 12,a / Σ 11,a on the fatigue strength. A biaxial ratio Σ 12,a / Σ 11,a increase (purely reversed tension: 0, combined tension and torsion: 0.5, purely reversed tension:∞) leads to a drop of the fatigue limit. For a biaxial ratio of Σ 12,a / Σ 11,a =0.5, and whatever the defect size, the combined loading lies between the torsion and the push-pull results. 
Computational micromechanics
Constitutive model. A generalized Hooke's law with a cubic elasticity tensor is used with small strain assumption. Each grain is considered to be a single crystal and the displacement fields are assumed to be continuous at grain boundaries. Cubic elasticity is assigned to every grain by means of 3 coefficients C 1111 , C 1122 , C 1212 characteristic of the elastic anisotropic behaviour of FCC crystals and determined by Huntington [3] . The orientation of each crystal with respect to the reference frame is defined by a triplet of Euler angles. Finite element model. Using the constitutive model outlined in the previous section, twodimensional (2D) finite element calculations are conducted for synthetic microstructures. To reduce computational time and to get a simplified description of the notch, the notch geometry is decomposed into two regions (Fig. 3) : an outermost region, far from the notch root, where an isotropic elastic model is used and the notch root region which employs the cubic elastic model.
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With the size of the polycrystalline aggregate chosen, the smooth microstructure contains 3265 crystals in order to respect the average grain size. The finite element mesh of the synthetic microstructure CAD is obtained using Gmsh [4] . Three-node triangular finite elements, with linear interpolation and generalized plane strain hypothesis, are used and each crystal are discretized in average with 100 elements. For each defect size studied, one polycrystalline aggregate and ten different orientations set are employed. Orientation sets are composed by triplet of Euler angles selected to be representative of the texture measured in the as-received material. As a result, the response of 10 different realizations is investigated per defect size. The numerical simulations are conducted with ZeBuLoN FE software.
(a) Schematic representation of the global geometry (b) Microstructure geometry Microstructure-sensitive probabilistic fatigue model. As pointed out in the introduction, the microslip among grains is known as the main driving force of fatigue crack initiation in ductile alloys. It is hence natural to assume that the metallic polycrystals investigated in this study exhibit shear-dominated fatigue crack initiation. This crack initiation behaviour is assumed to be adequately accounted for by means of two resolved stresses: the shear stress and the normal stress both acting on a slip plane. Several studies carried out by the present authors [5, 6] clearly showed that these two local mechanical parameters are strongly affected by the crystal orientation within the polycrystalline aggregate. The resulting statistical distributions over an arbitrary elementary volume of these quantities give a potential explanation of the experimental scatter of the macroscopic fatigue response usually observed in HCF. Nonetheless, the fatigue crack initiation remains a very complex mechanism and the idealized modeling of the microstructure proposed in this work seems too partial and unable to reflect all the local material heterogeneities. For these reasons, the formation of a fatigue crack on the scale of a single grain will be assumed to be governed not only by the mesoscopic shear and normal stresses acting on a slip plane (and deduced from the FE computation) but also affected by a statistical distribution of the crack initiation threshold representative of the local microstructural heterogeneities.
More practically, a fatigue crack is likely to appear in a grain if the shear stress amplitude acting on the most stressed plane exceeds a threshold. The latter is supposed to be a random variable following a Weibull distribution characterized by a shape parameter m and a scale parameter τ 0 .
Hence, the initiation probability on a slip system can be expressed by:
The normal stress is assumed to modify the initiation conditions by affecting the scale factor.
More exactly, the normal stress amplitude σ n,a and mean σ n,m acting on the slip plane of normal n occur in the final τ 0 expression through a triaxiality factor σ n,a / τ a and a mean dependence σ n,m :
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The initiation probability in a grain P Fg is supposed to correspond to the maximum among the failure probabilities of its slip planes. Finally, the failure probability of the polycrystalline aggregate P Fa is computed according to the weakest-link hypothesis:
Results and discussion Local field distributions. Fig. 4 gathers, for two defect sizes D (0 µm and 300 µm), the response of each slip plane deduced from the FE simulations of one realization (one microstructure and one orientation set), in terms of τ a / σ n,a . The loading amplitude (Σ 11,a and Σ 12,a ) applied to the polycrystalline aggregate corresponds to the experimental average fatigue limit in every case.
These results reflect the large scatter of τ a and σ n,a . Moreover, the distributions of these two mesoscopic mechanical quantities are affected by the anisotropic elastic behavior. Indeed, for instance in the case of fully reversed tension with D = 0 µm, the maximum values reached by τ a and σ n,a increased respectively by 18% and 45% when compared to the isotropic elastic case. It can also be observed that these maximum values are significantly raised in the presence of a defect. Identification and predictions of the microstructure-sensitive probabilistic fatigue model. The identification of the parameters of the probabilistic fatigue criterion is based on the results of the FE simulations of smooth microstructures loaded, at the average fatigue limit, in fully reversed tension and in fully reversed shear. Except the shape parameter which is imposed (m = 5), these parameters are identified such as P Fa = 50% in average on the 10 realizations for each loading condition. The predictions of the criterion, for a given loading condition and defect size, are then computed by determining the loading amplitude which has to be applied to the microstructure so that P Fa = 50% in average on the 10 realizations. The resulting predicted fatigue limits are presented in a KitagawaTakahashi diagram (Fig. 5) with the experimental data. From this figure, it can be observed that the probabilistic fatigue model provides satisfactory predictions for loading condition and defect size considered. Indeed, the maximum error, encountered in fully reversed tension for a defect with D = 500 µm, is lower than 10%. In most cases, the error lies between 4% and 6%.
Conclusions
The experimental fatigue tests conducted in this work have clearly demonstrated the detrimental effect of the increase in the biaxial ratio Σ 12,a / Σ 11,a on the fatigue strength for a 316L austenitic steel whatever the defect size considered. It has also been observed that, for a given defect size, the decrease of the fatigue limit is more important in tension than in torsion.
The numerical modeling employed in this study has highlighted that large scatter at the grain scale of relevant mechanical quantities. Moreover, the predictions provided by the proposed probabilistic fatigue model have shown a good agreement with the experimental fatigue limits.
